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We demonstrate numerically the ability to displace a magnetic domain wall by a remote spin
current injection. We consider a long and narrow magnetic nanostripe with a single domain wall
(DW). The spin-polarized current is injected perpendicularly to the plane of the film (CPP) through
a small nanocontact which is located at certain distance from the domain wall initial position. We
show theoretically that the DWmotion can be initiated not only by conventional spin-transfer torque
but also by indirect spin-torque, created by a remote spin-current injection and then transferred to
the DW by the exchange-spring mechanism. An analytical description of this effect is proposed.
This finding may lead to a solution of bottleneck problems of DW motion-based spintronic and
neuromorphic devices with perpendicular spin-current injection.
The study of domain wall (DW) dynamics in mag-
netic nanostripes has attracted much attention in the
last decade due to both fundamental [1] and applied [2]
motivations. On the one hand complex collective mag-
netization dynamics can be induced by several means,
on the other hand DW-based nanostructures are very
promising for creating magnetic logic and memory de-
vices [3–5]. Initially, it was proposed to control DW dy-
namics by magnetic fields [6–8]. However, this approach
is hardly suitable for close-packed arrays of nanoscale de-
vices due to significant cross-talk effects. An alternative
is to use current-induced domain wall motion that has
been subject of many experimental [9–13] and theoreti-
cal [14–19] studies. The interest to the current-induced
DW dynamics is significantly encouraged by the devel-
opments of promising magnetic-based neuromorphic de-
vices [20], spintronic logics [5, 21], race-track memory [2]
and spintronic memristors [22–24].
The studied nanostructures are usually composed of
a long and narrow magnetic film (nanostrip) containing
the domain wall. For this geometry, there are two pos-
sible directions of the current: current-in-plane (CIP),
when the spin polarized current is flowing in the plane
of the magnetic film, and current perpendicular to the
plane (CPP), when the spin polarized current is flowing
perpendicular to the magnetic film. Recent theoretical
[25] and experimental [26, 27] studies show that in the
CPP configuration the DW velocities can be up to two
orders of magnitude larger then in the CIP configuration
for equal current densities. Thus the CPP configuration
requires relatively low current densities for efficient DW
dynamics excitation [23]. The drawback of such config-
uration however is very high electric currents required
for efficient DW motion, since a direct current action on
the DW is required to initiate its motion [25]. Moreover,
in the conventional geometry of the neuromorphic logic
devices [20] the input current contacts and the DW are
separated by a distance L ≫ ∆, where ∆ is the typi-
cal DW width, and the direct current action is simply
impossible. The question of a possible non-contact (in-
direct) interaction between the CPP current, localized
in the contact, and the DW remains unresolved. Re-
cently an all-magnonic mechanism of DW displacement
has been proposed [28], in which the DW dynamics is in-
duced by the spin-waves excited remotely from the DW
initial localization. To achieve relatively high DW veloc-
ities using this mechanism, however, one needs to excite
high-amplitude magnons using very high magnetic fields
[29, 30], which are hardly achievable in real-life appli-
cations. Here we propose the study of the DW motion
induced by a remotely localized CPP spin-current injec-
tion that can help to solve these issues. We investigate
numerically the DW motion for the case when the spin
current is flowing perpendicular to the plane through a
small localized nanocontact (see Fig. 1), which is located
at a certain distance from the initial DW localization. We
show theoretically that DW displacements of several hun-
dred nanometers can be obtained by a very low remotely
injected CPP spin-polarized current (about 50 µA), in
contrast to the conventional case when the current flows
through the entire DW. In addition to the evident prac-
Domain Wall
Figure 1. (Color online) The studied system, composed by
a permalloy nanostrip with size 3000 × X × 2.5 nm3 and a
nanocontact with size 10×X nm2.
tical interest, this system is of a high fundamental impor-
tance too, because the mechanism of interaction between
remotely localized current and the domain wall is not
obvious. We demonstrate here that the perpendicular to
the plane electric current localized in a small nanocon-
tact generates an in-plane charge-less spin current in the
nanowire, and that this spin current may effectively ex-
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Figure 2. (Color online) a) DW displacement for different initial distances L between the injection contact and the DW and for
different current densities in case of the nanostrip width X = 10 nm. b) Dependence of the average velocity on the distance L.
The speed averaging is carried out for the first 3 nanoseconds, since during this time the DW has already been shifted almost
the maximum possible distance. In the box: time dependence of the velocity for L = 0, 20, 40 nm. The results are presented
for the current density J = 5× 107 A/cm2 and the nanostrip width X = 10 nm.
cite the remote DW’s motion. An analytical description
of this effect based on the soliton perturbation theory
was proposed.
The magnetization dynamics in the nanostrip is de-
scribed by the Landau-Lifshitz-Gilbert (LLG) equation
with an additional term responsible for the spin transfer
[31, 32]:
M˙ = −γM×Heff +TSTT +
α
MS
(M× M˙), (1)
where M is the magnetization vector, γ is the gyromag-
netic ratio, α is the Gilbert damping constant, MS is
the saturation magnetization and Heff is the effective
field consisting of the magnetostatic field, the exchange
field and the anisotropy field. The spin transfer torque
TSTT is represented by two components [33, 34]: a Slon-
czewski torque (ST) TST = −γ
aj
MS
M×(M×mref ) and a
field-like torque (FLT) TFLT = −γbj(M ×mref) where
mref is a unit vector along the magnetization direction
of the reference layer. The ST amplitude is given by
aj = ~JP/2deMS, where J is the current density, P is
the spin polarization of the current, d is the thickness of
the free layer and e > 0 is the charge of the electron. The
amplitude of the FLT is given by bj = ξCPPaj , where
ξCPP can be larger than 0.4 in case of an asymmetric
magnetic tunnel junction. [23]
The studied system is composed of a permalloy
Ni81Fe19 (Py) nanostrip magnetized in-plane and con-
taining a head-to-head domain wall, and a reference
nanocontact with fixed out-of-plane magnetization (see
Fig. 1). Hence, we consider magnetization dynamics in
the free layer only, and the nanocontact acts as a static
spin polarizer. The size of nanostrip has been choosen to
be 3000×X × 2.5 nm3, and the size of the nanocontact
was 10×X nm2, whereX = 10 to 110 nm. The stripe di-
mensions have been chosen large enough in order to have
a negligeable influence of the edges on the main features
of the DW motion. The Py magnetic parameters used
in the modelling are: MS = 800 emu/cm
3, the exchange
constant A = 1.3×10−6 erg/cm, α = 0.01, spin polariza-
tion P = 0.31, and the bulk anisotropy is neglected. The
CPP current has been switched on in the nanocontact
at the time t = 0. To investigate the remote influence
of the CPP spin-polarized current on the domain wall,
we have performed a series of simulations using our mi-
cromagnetic finite-difference code SpinPM [35] based on
the fourth-order Runge-Kutta method with an adaptive
timestep control for the time integration and a mesh size
2 × 2 nm2. In order to focus on the spin torque mecha-
nisms of the DW dynamics excitation both Oersted field
and thermal fluctuations have not been taken into ac-
count. However, it is worth noting that for the studied
geometry the amplitude of Oersted field even under the
contact is not more than 15 Oe, and at the distance about
10 – 15 nm it almost completely disappears. Hence, it
leads only to a change of the DW initial position by 10
– 15 nm. It is also should be noted, that although here
we presented the results for the head-to-head DW, the
results for tail-to-tail DW are the same, except the direc-
tion of DW motion is reversed.
The displacements of the DW for different distances
L and current densities are presented in Fig. 2(a). The
evolution of the DW velocity after switching on the CPP
spin-polarized current (at t=0) for different initial dis-
tances between the center of the contact and the DW is
demonstrated in the inset of Fig. 2(b). The dynamics
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Figure 3. (Color online) a) Dependence of DW width ∆ and DW displacement on the nanostripe width. Initial distance is
L = 40 nm, current density is J = 5 × 107 A/cm2. The blue and red arrows indicate to which axis the curves belong. b)
Dependence of the equivalent magnetic field on X position for two nanostripe thicknesses. The grey region represents the
current nanocontact. The blue and red segments show the width of the DW for the cases of h = 10 and h = 50.
of the DW is as follows: once the CPP spin-polarized
current is switched on in the nanocontact, after some
small delay period, the DW starts to accelerate for about
0.5 ns, and decelerates until a complete stop after a few
nanoseconds.
To explain these observations, let us consider the mag-
netization in the current injection region. Since the strip
is thin enough (in comparison with its length), at the ini-
tial time the magnetization in the strip beneath the con-
tact is oriented strictly along the strip. The DW width
∆ is obtained by fitting of micromagnetic data using a
traveling wave ansatz θ(δx) = 2 arctan(exp[δx/∆]). In
our case DW width ∆ ≈ 13 to 46 nm depending on
the nanostripe width (see Fig. 3(a)). It is to be empha-
sized that ∆ must be considerably less than the distance
L, at which the nanocontact is separated from the DW.
Therefore there is no direct action of the electric cur-
rent on the DW. However, the presence of the DW even
at a considerable distance leads to a small tilt of the
magnetization, in other words, to appearance of the per-
turbed region (”tail”). The action of the spin-transfer
on the DW can be decomposed into two steps. At first,
under the influence of the current flowing through the
contact, the spins that are beneath the injection contact
experience a torque, which leads to the local increase of
the Y component of magnetization in the contact region
(about 30 emu/cm3 for our set of parameters). The fact
that a local pulse of the spin-polarized current can in-
fluence a DW remotely is determined by the presence of
exchange stiffness in the magnetic structure of the mate-
rial (in a soft medium such an effect is obviously absent).
Then, through the exchange-spring mechanism, this dis-
turbance is transmitted from the DW ”tail” located in-
side the nanocontact region directly to the domain wall,
thereby causing the DW drift. Previously exchange-
springs were studied in heterophase systems [36, 37], but
similar effects can be observed in homogeneous systems
as well. Indeed, in our case, each subsequent magnetic
moment of the DW ”tail” is deflected at a slight angle
from the direction of the previous one. If the external ac-
tion (CPP local current in our case) deflects one or more
of the magnetic moments slightly (edge of the spring is
deformed), then due to the strong exchange interaction
the subsequent magnetic moments are also deflected one
by one. As a result, the exchange-spring is straightened,
pushing the DW. After the complete straightening of the
exchange-spring, the DW stops accelerating and starts to
slow down due to the damping and after some time finally
stops. Hence the effect is defined by the static exchange-
spring tension. The numerical simulations demonstrate a
delay in the onset of the DW motion with respect to the
time of the current switching, corresponding to the prop-
agation time of the spring excitation (static tension). It
is worth stressing that in this case of indirect action of
the spin transfer, the angular momentum is transferred to
the DW not by conduction electrons, but by the charge-
less spin current, due to the exchange-spring interaction.
Moreover when the nanostrip width is increased, the do-
main wall becomes wider, therefore the ”tail” of the DW
also becomes longer, the DW is affected by the current
by a longer time, and consequently the DW should be
displaced over larger distances. This effect is perfectly
confirmed by the simulations (see Fig. 3(a)).
To estimate the magnitude of the exchange-spring in-
teraction, we obtained the dependence of the equivalent
field (magnetic field with direction opposite to the DW
motion direction, which has to be applied to counterbal-
ance the action of the exchange-spring static tension) on
the X coordinates (see Fig. 3(b)). We see that, even at
the distance of several times greater than the DW width
4∆ the equivalent field is still large enough to displace the
DW significantly. It also shows that at large thicknesses
of the nanostrips the equivalent field decays more slowly.
Despite the fact that for large thicknesses the equivalent
field near the nanocontact is smaller, the effectiveness of
the exchange-spring will still be higher for large thick-
nesses than for smaller ones, as follows from results of
the DW displacement (see Fig. 3(a)). The reason for this
is that with increasing thickness of the nanostrip, the ef-
ficiency of the magnetic field is growing faster than the
efficiency of the local current contact. As a result, al-
though the actual magnetic field required to balance the
action of the exchange-spring proves to be smaller, the
force acting on the DW will be larger for larger thick-
nesses.
For the final test of the proposed mechanism, the simu-
lations have been performed for the case of α = 1. Such a
large damping eliminates the effect of spin waves, as they
fade out before reaching the DW. Also in this case there
is practically no movement by inertia (as soon as the
external forces stop acting, the DW should immediately
stop its free motion). However, the result of our simula-
tions shows that the DW is still displaced by a distance
of about 60 nm (with a width of the DW ∆ = 13 nm),
which corresponds to the distance at which the equiva-
lent field almost becomes zero. From this we can con-
clude that the spin waves do not determine the effect,
which is caused only by the exchange-spring static ten-
sion. Another important result is that the considered
mechanism of DW dynamics excitation (via static tension
of the exchange-spring) does not require an alternating
current or magnetic field in contrast to the case in which
the DW is excited by spin waves [29, 30]. This makes it
promising for practical application, like racetrack mem-
ory, magnetic logic and neuromorphic devices.
For an analytical insight into this mechanism let us
write Eq.(1) in spherical coordinates with the energy rep-
resented by E = A((∇θ)2+sin2 θ(∇φ)2)+2piM2S cos
2 θ−
K⊥ sin
2 θ cos2 φ, where A is the exchange constant, K⊥
is anisotropic constant, φ is the polar angle and θ is the
azimuth angle:
− sin θθ˙ − α sin2θφ˙ =
1
2
ω⊥ sin
2 θ sin 2φ−
−
2γA
MS
sin2 θφ′′ + γaj(x, t) sin
2 θ
(2)
sin θφ˙− αθ˙ = −
2γA
MS
θ′′ + sin θ cos θ·
· (
2γA
MS
(φ′)2 − ω‖ − ω⊥ cos
2 φ)
(3)
where ω⊥ = 2γK⊥/MS, ω‖ = 4piγMS and aj(x, t) is not
equal to zero only in the contact region. Due to the shape
anisotropy the magnetization lies almost entirely in the
plane. The simulation shows that the deviation of the
magnetization from the plane is not more than 3 % of
the MS. With this in mind, consider a small deviation in
θ: θ = pi/2 + θ1 (θ1 << 1). In this case, Eq.(2),(3) take
the following form:
− θ˙1 − αφ˙ =
ω⊥
2
sin 2φ−
2γA
MS
φ′′ + γaj(x, t) (4)
φ˙− αθ˙1 = −
2γA
MS
θ′′1 − θ1(
2γA
MS
(φ′)2 − ω‖ − ω⊥ cos
2 φ)
(5)
Taking into account that ω⊥/ω‖ ≪ 1 and 2γA/MSl
2 ≪
ω‖, where l is the typical spatial scale, and neglecting
small quantities, we can rewrite Eq.(5) in following form:
θ1 = φ˙/ω‖. Substituting this result into the Eq.(4), we
obtain:
φ¨− c2
∂2φ
∂x2
+ ω20 sinφ cosφ = −αω‖φ˙− γω‖aj(x, t) (6)
where c2 = 8piγ2A and ω20 = ω‖ω⊥. Eq.(6) is the mod-
ified version of the sine-Gordon equation. The solution
of this equation with zero right-hand side of the equa-
tion is represented by a kink soliton propagating with
constant velocity tan(φ˜0/2) = exp {±(x− vt− x0)/∆},
where v is the velocity of the domain wall, x0 is the ini-
tial distance between the DW and nanocontact center,
∆ = ∆0
√
1− v2/c2 and ∆0 = c/ω0. Since the maximum
velocity in modelling is about 250m/s and c ≈ 1000m/s,
we can estimate 1 ≥
√
1− v2/c2 ≥ 0.96, and therefore
∆ ≈ ∆0.
The micromagnetic modelling demonstrates accelera-
tion and deceleration of the DW. To take this into ac-
count let us assume that the right-hand side of the equa-
tion only slightly modifies the DW’s profile but changes
the velocity. This assumption was confirmed by simu-
lations. In this case we can use the soliton perturba-
tion theory. We represent the solution of the Eq.(6) as
φ = φ0 + φ1, where φ1 ≪ 1 and φ0 is the modified kink
tan(φ0/2) = exp {±(x− xc(t)− x0)/∆0} with xc(t) is
treated as the DW’s position. Then after linearisation
and neglecting small values Eq.(6) assumes the form:
(
∂2
∂t2
− c2
∂2
∂x2
+ ω20 cos 2φ0)φ1 =
= −αω‖φ˙0 − γω‖aj(x, t) +
x¨c
∆0
sinφ0
(7)
Let us define the operator Lˆ = ∂2/∂t2 − c2∂2/∂x2 +
ω20 cos 2φ0 and function f(φ0) = −αω‖φ˙0− γω‖aj(x, t) +
(x¨c/∆0) sinφ0. Using this notation Eq.(7) can be writ-
ten as Lˆφ1 = f(φ0). According to the Fredholm alterna-
tive [38], this equation has a solution if and only when
right-hand side f(φ0) of the equation is orthogonal to the
eigenfunction of operator Lˆ with zero eigenvalue, which
can be found from equation Lˆφ
(0)
1 = 0. For the present
problem the required eigenfunction takes the form φ
(0)
1 =
∂φ0/∂x. Then, considering that φ˙0 = ∓(x˙c/∆0) sinφ0
and ∂φ0/∂x = ± sinφ0/∆0, the solvability condition is:(
αω‖
x˙c
∆20
+
x¨c
∆20
)
〈sin2 φ0〉 −
γω‖
∆0
〈aj(x, t) sinφ0〉 = 0
(8)
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Figure 4. (Color online) Time dependence of the DW’s veloc-
ity obtained analytically (continuous black line) for different
distances L in comparison with the micromagnetic modelling
results (points). In the inset: comparison of the final DW’s
displacements obtained using 1D analitic model and by mi-
cromagnetic simulations as a function on L.
where 〈...〉 means integration over x. After integration,
taking into account that aj(x, t) is not equal to zero only
inside the contact region, we obtain a Newton-like equa-
tion of motion:
mx¨c = −αω‖mx˙c + F (xc) (9)
where m = 1/(piγ2∆0) is the effective mass of the DW,
F (xc) = (ajω‖/piγ) · arctan [exp {(d/2− L− xc)/∆0}] −
arctan [exp {(−d/2− L− xc)/∆0}] is the force created
by the current and d is the size of the contact along the
X axis.
Time dependence of the velocity of the domain wall
for different L, obtained from Eq.(9), in comparison with
the micromagnetic modelling results is shown in Fig. 4.
As can be seen from the graph, the proposed analytical
model demonstrates a good agreement with the results
of micromagnetic simulation. It should be noted that al-
though for small L values theory predicts an absolutely
correct final DW displacement, with increasing L the dif-
ference between simulations and theoretical predictions
slightly increases, up to 10 nm for L = 100 nm (see inset
in Fig. 4). The reason for this discrepancy lies in the
fact that the analytical 1D model is based on the rigid
soliton model. Under this assumption we neglect DW
deformation and consider that the the action of the cur-
rent contact propagates instantaneously. But in the case
of large L values the exchange-spring needs some time,
corresponding to the propagation time of the spring ex-
citation, to start pushing the DW. During this time the
effective in-plane spin current slightly attenuates. Be-
cause of this the 1D model slightly overestimates the final
displacement of the DW for larger L values.
In conclusion, we have demonstrated theoretically the
possibility of spin current induced domain wall motion
in the CPP geometry, when the DW is initially located
outside the nanocontact region. Although velocities in
this case are lower than in the usual CPP case (about
500 m/s) [27], they are still higher than the velocities
in the CIP geometry; the required currents are very low
(about 50 µA), in contrast to the case when the cur-
rent flows through the entire sample [23, 25, 27]. We
have shown that the DW dynamics in this case is in-
duced by indirect spin-torque, created by a remote spin-
current injection, which is transferred then to the DW
by the exchange-spring mechanism. The analytical de-
scription of this effect based on the soliton perturbation
theory was proposed. Although this mechanism of DW
dynamics excitation can be used by itself, it can also be
effectively used to depin a DW, when magnetization dy-
namics is driven by less effective methods (e.g. in-plane
current injection). On this basis, the remotely localized
contact injection of CPP spin-polarized current becomes
a very promising option for practical applications, such
as racetrack memory, magnetic logic and neuromorphic
devices.
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